Purpose. Class 1 integrons are among the main vehicles that facilitate the spread of antibiotic-resistance genes, with serious public health consequences. The aim of this cross-sectional study was to investigate the presence of class 1 integrons and to characterize their variable regions, as well as the antimicrobial resistance profiles and phylogenetic groups of a collection of Escherichia coli isolates recovered from healthy subjects (n=42) and those with urinary infection (n=40).
INTRODUCTION
Antibiotic resistance among pathogenic and commensal bacteria is a global public health concern. Escherichia coli, one of the most widely studied micro-organisms worldwide, resides in the gastrointestinal tract of warm-blooded animals and reptiles and is an important pathogen in humans [1] . For instance, extra-intestinal E. coli is often implicated in urinary tract infections (referred to as uropathogenic E. coli, UPEC) [2] . In a World Health Organization report on antimicrobial resistance surveillance, E. coli is listed as one of the nine bacteria of international concern responsible for common infections in community and hospital settings. This report stated that third-generation cephalosporin and/ or fluoroquinolone resistance in urinary tract infections limits the successful treatment of common infections [3] .
The rapid dissemination of multidrug-resistant bacteria has become a concern worldwide and complicates the treatment of infections. This phenomenon is a consequence of the ability of bacteria to acquire exogenous genes by mobile elements (e.g. conjugative plasmids, transposons and integrons), and has been recognized as a major cause of widespread multidrug resistance pheno-and genotypes [4] .
Integrons are involved in the recruitment and expression of resistance genes and are associated with mobile elements, particularly class 1 integrons, contributing significantly to the spread of multiresistance among enteric bacteria [5] . Class 1 integrons are the most widespread and clinically important [6] , as they have been consistently detected in 22-95 % of Gram-negative clinical isolates [7] [8] [9] [10] , and a lower incidence of commensal E. coli was recovered from healthy people [11, 12] . More than 130 gene cassettes encoding resistance to all classes of antibiotics and more than 60 gene cassettes of unknown function have been described in mobile integrons [13] . In Enterobacteriaceae, most gene cassettes associated with class 1 integrons encode resistance to streptomycin (aadA) and trimethoprim (dfrA) [14] [15] [16] .
The aims of this study were to assess the occurrence of class 1 integrase-specific intI1 gene integrons and to investigate the diversity of their variable regions carried by commensal E. coli and UPEC isolates collected from temporally and geographically distinct human populations. These results were related to both phenotypic multiresistance and phylogenetic group.
METHODS

Bacterial strains
Integron cassette, antimicrobial susceptibility and E. coli phylogroup surveys were conducted in 82 isolates of E. coli (one isolate per individual) from different geographical and time origins. One set (42) was isolated in 1978 from the faeces of healthy children of rubber tree tappers and Indians in Amazonia, Brazil. These communities were from remote areas and characterized by the absence of antibiotic selective pressure. This collection could provide information on the occurrence and prevalence of integrons before the misuse and overuse of antimicrobials -major contributors to the development and spread of resistance [17] . Another set (40) was isolated in 2009 from urine of women with clinical and laboratory diagnoses of community-acquired urinary tract infections in Belo Horizonte, Brazil [18] . This study was approved by Ethics Committee UFMG (178/09).
The biochemical characteristics used for identification of commensal E. coli isolates were as follows: indole production, motility test, ornithine decarboxylation, cytochrome oxidase, urease, gas production from glucose, lactose and sucrose fermentation, and citrate utilization as the sole source of carbon. Gram staining was also included. Bacterial isolates recovered from urine were identified using an automated VITEK 2 microbial identification system, version 4.02 (bioM erieux), according to the manufacturer¢s instructions.
Molecular analysis
A bacterial colony was picked using a sterile inoculation loop, resuspended in 100 µl of autoclaved distilled water and boiled for 1 min. To each PCR, 1 µL of cells resuspended in water was added. Whole-cell DNA from the 82 E. coli isolates was phylogenetically analysed using the triplex PCR method, which enables strains of E. coli to be assigned to the phylogroups A, B1, B2 or D using a dichotomous key approach based on the presence or absence of two genes (chuA and yjaA) and an anonymous DNA fragment (TSPE4.C2) [19] . Moreover, all isolates were screened for the presence of class 1 integrons by PCR using the IntIF 5¢-CCTCCCGCACGATGATC-3¢ and IntIR 5¢-TCCACGCA TCGTCAGGC-3¢ primers according to L evesque and Roy [20] . The variable region of class 1 integrons from integrase-positive E. coli isolates only was amplified by PCR using Int1F (5¢CS) 5¢-GGCATCCAAGCAGCAAG-3¢ and Int1B (3¢CS) 5¢-AAGCAGACTTGACCTGA-3¢ primers [20] . The variable regions of class 1 integron sequences were obtained using an ABI 377 automatic sequencer (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. Sequence similarity searches were carried out against sequences deposited in the GenBank database. The nucleotide sequences were deposited in GenBank under the accession numbers KY366674-KY366695.
Antimicrobial susceptibility testing
Bacterial isolates were tested for susceptibility by the agar dilution method following Clinical and Laboratory Standards Institute (CLSI) [21] procedures. Seven antimicrobials were selected as representative drugs commonly used to treat human infections caused by Gram-negative bacteria. Antimicrobial agents were prepared in serial twofold dilutions and added to Mueller-Hinton agar to obtain final concentrations from 1-1024 µg ml
À1
. The following antimicrobials were tested: ampicillin (AMP), amoxicillinclavulanic acid (AMX), tetracycline (TET), kanamycin (KAN), nalidixic acid (NAL), ciprofloxacin (CIP) and trimethoprim-sulfamethoxazole (TMP-SMX). All antimicrobials were obtained from Sigma Chemical (St. Louis, MO, USA). The three latter antimicrobials are first-line treatments for UPEC. Growth was assessed after incubation at 37 C for 24 h, and the MIC were interpreted as the lowest concentration of antimicrobial that completely inhibited growth. The MIC breakpoints used in this study to define the susceptibilities of tested isolates were as recommended by the CLSI [21] . Multidrug resistance was defined as acquired non-susceptibility to at least one agent in three or more antimicrobial categories [22] .
Statistical analysis
Statistical analyses were conducted using GraphPad software (GraphPad, La Jolla, CA, USA). Pairwise comparisons were performed using Fisher¢s exact test. Comparisons were considered statistically significant when P<0.05.
RESULTS AND DISCUSSION
Screening of integrons Analysis of the class 1 integron carriage revealed considerable variation in the incidence of commensal E. coli (11.9 %) and UPEC (65 %) populations. A lower incidence (5.5 %) was observed in natural isolates from the E. coli reference collection (ECOR), isolated between 1973-1980 from a variety of animal hosts and geographical locations [23] . Nevertheless, the abundance of the intI1 gene in our UPEC isolates was comparable to that observed by Wei et al. [9] (72 %) and lower than that found by Solberg et al. [7] in UPEC isolates (95 %). These data, together with those obtained in the present study, suggest that integrons are highly prevalent in UPEC isolates and are likely maintained in E. coli populations under the selective pressure of antimicrobials. Thus, as suggested by a previous report [24] , class 1 integrons may not be indigenous elements of E. coli.
The 31 intI1 gene-bearing isolates (5/42 of commensal and 26/40 of UPEC isolates) were screened for gene cassettes. Analysis of the variable region revealed that a considerable number of intI1-positive UPEC isolates (8/26) possessed empty integron structures, with no gene cassettes inserted between the conserved segments of the integrons. The presence of empty integrons may be related to the lack of a 3¢-conserved region, as confirmed by their susceptibility to sulfamethoxazole [25] . However, in the present study, all eight isolates harbouring empty integrons with no integrated gene cassette arrays were resistant to sulfamethoxazole. These results demonstrate the activity of the integrons identified. This type of integron was previously reported in bacterial pathogens and commensal isolates [26] [27] [28] . Gene cassettes can be excised from the integron structure in the absence of selection pressure exerted by antibiotics [29] . The frequent identification of empty class 1 integrons indicates that cassettes with resistance to antibiotics can be captured and represent a reservoir for increasing the capacity of bacteria to adapt to different ecological niches.
Molecular characterization of gene cassettes
The class 1 integrons harbouring eight gene cassettes arrays are shown in Table 1 . Only the aadA1 array was common to both commensal and UPEC isolates. Regarding the gene cassettes, most (4/5) were linked to antibiotic resistance and one was an ORF whose product is a putative phage tail protein (accession number CU928158.2). To our knowledge this is the first report of a putative phage tail protein associated with a class 1 integron. Characterization of the integrons from the two sets of E. coli isolates showed little diversity in their gene cassette content, although the largest number of cassette arrays was identified in UPEC isolates. This increased diversity may be related to the higher selective pressure imposed on UPEC than on commensal isolates. The five intI1-positive commensal isolates contained the aadA1 (four isolates) and blaOXA-1 (one isolate) cassettes, encoding streptomycin-spectinomycin and extendedspectrum b-lactamase resistance, respectively. According to the INTEGRALL (http://integrall.bio.ua.pt) database, this is the first description of blaOXA-1 (also called blaOXA-30) in human commensal E. coli. Resistance to penicillins, cephalosporins and monobactams conferred by extended-spectrum beta-lactamases (ESBLs) is often observed in E. coli. Such ESBL-producing strains are usually also resistant to several other antibacterial drugs. Thereby, carbapenems remain the only available treatment option for infections caused by multidrug-resistant bacteria [3] . Taking this into consideration, the presence of blaOXA-1 is of concern and reinforces the importance of commensal organisms as a reservoir of clinically relevant resistance genes, as well as the possible contribution of integrons to the dissemination of ESBL determinants. Previous studies have demonstrated that aadA is the most frequent gene cassette present in human commensal and clinical E. coli isolates [11, 14] . Indeed, the presence of the aadA (aadA1 and aadA5) cassette alone or in combination with other resistance gene cassettes is common in both commensal and UPEC isolates.
Another predominant gene cassette (72.2 %) involved in antibiotic resistance and exclusively found in UPEC isolates was the dfrA gene (dfrA1 and dfrA17, resistance to trimethoprim). The dfrA1 and dfrA17 alleles were detected in 11.1 and 61.1 % of UPEC isolates, respectively. The two different dfr alleles detected in this population are among the most widespread worldwide, together with other dfr alleles (dfrA5, dfrA7 and dfrA12) [14, [30] [31] [32] . The high prevalence of dfr observed in this study may be related to the selective pressure exerted by trimethoprim-sulfamethoxazole, which is often used to treat urinary tract infections. Sequencing analysis of the cassette arrays revealed a predominance of the dfrA17 and dfrA17-aadA5 arrays in this population. This finding agrees with those of previous studies reporting a strong association between class 1 integrons and the dfrA and aadA cassettes [15, 33] . Indeed, the dfrA17 and aadA5 cassettes were formerly found in a class 1 integron of an E. coli isolated in 1998 from the urinary tract of an Australian patient [34] . This finding suggests the dissemination and acquisition of antibiotic resistance gene cassettes in bacteria by horizontal transfer over a short time in geographically distant UPEC populations, with negative implications for the therapeutic use of antibiotics.
The high frequency of the aadA gene found in both sets of isolates alone (commensal E. coli) or in combination with the dfr gene (UPEC), consistently located upstream of the aadA gene, corroborates the results of previous studies suggesting that the aadA gene is the first cassette acquired by an integron and/or may be more stably integrated into the integron than other gene cassettes [26] .
Resistance phenotypes
We analysed the patterns of susceptibility to seven antimicrobial agents. Antimicrobial susceptibility testing revealed that all isolates expressed phenotypic resistance against at least one of the tested antimicrobials (Table 1) . Of the 82 E. coli isolates, 63 were resistant to NAL (54.8 % in commensal and 100 % in UPEC), 41 to CIP (2.4 and 100 %), 82 to TET (100 %), 51 to AMP (28.6 and 97.5 %), 40 to AMX (11.9 and 87.5 %), 28 to KAN (7.1 and 62.5 %) and 56 TMP-SMX (38.1 and 100 %).
E. coli multidrug-resistant isolates (resistant to at least three antimicrobial classes) were recovered from the two sets of isolates investigated in this study. Isolates resistant to all antimicrobials agents tested were detected only in UPEC isolates (19.5 %). The predominant multidrug resistance phenotype was AMP, AMX, KAN, TET, NAL, CIP, TMP-SMX (19.5 % of UPEC isolates), followed by AMP, AMX, TET, NAL, CIP, TMP-SMX (14.6 % of UPEC isolates). The high incidence of resistance in UPEC isolates to TMP-SMX (100 %) and CIP (100 %) agrees with the findings of previous studies reporting an increasing trend in resistance to CIP in UPEC [35, 36] . Thus, resistance to fluoroquinolone in all UPEC isolates is alarming, as this agent is one of the few available therapies for serious E. coli infections.
Although the frequency of isolates resistant to b-lactams was high, the blaOXA-1 gene cassette was found in only one commensal isolate, suggesting that the genes coding for blactamases are mostly localized outside the integron, which was also observed by Mokracka et al. [37] . Antimicrobial resistance patterns were found to be phylogenetically unrelated.
Phylogenetic typing of UPEC and commensal E. coli
The phylogenetic relationships of all E. coli isolates were analysed (Table 1) . Only UPEC isolates were assigned to all four phylogenetic groups. Most UPEC isolates were assigned to phylogroup B2 (55 %), whereas most commensal isolates were in phylogroup A (43 %). Analysis of these results demonstrated that UPEC and commensal isolates differed in their assignment to phylogenetic groups. UPEC is classified primarily into the pathogenic phylogenetic group B2 and to a lesser extent group D [38] . Although our study revealed the dominance of group A in commensal isolates, group B2, which carries more virulence factors than strains belonging to phylogroups A, B1 and D [39, 40] , was also found in high proportion (43 %); this was also observed by Bailey et al. [41] . A similar frequency was found for commensal E. coli strains from healthy American women and Swedish infants [40, 42] , although other studies showed that strains from phylogenetic groups A and B1 are the most common [43, 44] . A relationship between virulence and residency may exist, as E. coli strains in phylogroup B2 are more often resident strains than transient strains [40, 42] . Interestingly, commensal isolates from group B2 and resistant to one single antimicrobial (tetracycline) were more abundant (7/18) than in the non-B2 groups (2/24), although the differences were not significant (P>0.0751).
Conclusion
The prevalence of class 1 integrons among E. coli isolates as well as the type of gene cassette might be associated with the origin (commensal or clinical) and the use of antimicrobials. The gene cassettes most commonly detected in class 1 integrons were aadA and dfr. It seems that the former is more stably maintained within integrons than any other, whereas the high prevalence of dfr may be related to the selective pressure of trimethoprim-sulfamethoxazole exerted on UPEC. Importantly, this study is the first description of the blaOXA-1 gene cassette circulating among human commensal E. coli isolates. The E. coli isolates carrying gene cassettes associated with class 1 integrons were found to be unrelated to any phylogroup or multiresistance, suggesting that they are distributed among commensal and pathogenic E. coli.
These results expand the current knowledge regarding gene cassettes in both commensal and pathogenic E. coli. Although our study was restricted to the analysis of class 1 integrons, it showed the potential of these vehicles as a source of resistance determinants for UPEC and reinforces the need for further studies to track the evolution of multidrug-resistant isolates in E. coli populations.
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